The goal of this paper is to present the influence of temperature variation and iron substitution with Co on the structure and electrical properties of amorphous Fe 75−x Co x Cr 1 B 7 Si 17 alloys (where x=1, 4, 7, and 10 at.%), obtained by melt-spinning technique.
Introduction
Amorphous Fe-Co based metallic alloys are a novel group of advanced engineering materials. In spite of their disordered atomic-scale structure specific to amorphous alloys, Fe-Co based metallic glasses exhibit specific thermal, corrosion, electrical and magnetic properties which allow their practical applications in various fields of technology. Due to their special properties Fe-Co based metallic glasses are suitable materials for many electrical devices such as sensors, band-pass filters, magnetic wires, electric power transformers [1, 2] . There are also several, actual and potential, appli-cations of metallic glasses as structural materials, e.g. knife edges, springs, parts of the sport goods (golf-club heads, tennis racket frames), information storage and reproduction devices, application in fashion industry [3] . However, there are several limiting factors: high cost of components and processing, brittleness, instability above Tx (Tx stands for temperature of crystallization), which limit their applicability.
Crystallization of metallic glasses occurs when they are heated at temperatures high enough to overcome the energy barrier between their metastable amorphous state and crystalline one. In many cases this process takes place in several steps, involving intermediate metastable phases before reaching the final crystalline stable state. These structural changes during crystallization process are reflected in the evolution of several physical properties of metallic glasses [4] .
In addition to their special properties such as low volume shrinkage, high mechanical strength and hardness, low surface roughness the amorphous metallic alloys exhibit excellent electrical properties. The electrical resistivity as a function of temperature is a characteristic for a wide variety of metallic glasses and it was subject in a lot of investigations [4, 5, 6; 7] . Depending on temperature the electrical resistivity shows a series of anomalies, especially around temperatures where first or second range transitions take place [8] . It is know that electrical resistivity is sensitive to the microstructure development in solid state [4] .
At low temperatures the electrical resistivity should tend to zero, but due to the structure defects and impurities, it tends to a constant value. If the impurities presented in a certain metal have an electronic spin, then the electrical resistivity shows a minimum or a maximum characteristic. This type of resistivity anomaly as a minimum at low temperature, known as Kondo effect, has been found in many amorphous alloys [5] .
Rein et al. [9] have studied the thermal variation of electrical resistivity of some alloys of Metglas-system within the temperature range of 1.5 to 800 K, as well as the influence of the crystallization on the electrical resistivity. In the case of Metglas alloys was noticed that the crystallization causes the further modification of the minimum electrical resistivity [10, 11] .
Annealing at temperatures lower than the glass transition temperature, the amorphous alloys experience a structure relaxation which must be clearly distinguished from crystallization process. The structure relaxation process is connected with local atomic rearrangements, decreasing of free volume and the glass changes from a less stable to a more stable, but still metastable state [12, 13] .
The aim of this paper is to provide a structural, mechanical and electrical properties analysis of the amorphous Fe-Co-Cr-B-Si alloys, using X-ray diffraction (XRD), Mossbauer spectroscopy, differential scanning calorimetry (DSC), and scanning electron microscopy (SEM) methods.
Experimental Procedure
The amorphous Fe 75−x Co x Cr 1 B 7 Si 17 (x=1, 4, 7, and 10 at.%) alloys were prepared by melt spinning technique in pure argon atmosphere, in form of ribbons having a thickness of 25-32 µm and a width of about 2 mm.
The amorphous structure of the samples has been examined by X-ray diffraction. Scanning electron microscopy and Mössbauer spectroscopy, which is a technique that provides us with simultaneous information namely on the structural arrangement and magnetic microstructure, were also used for samples characterization.
In order to prepare stable amorphous alloys under given conditions for perspective applications it is desirable to understand the mechanisms by which a metallic glass crystallizes.
The as quenched ribbons were annealed in the first stage for 30 minutes exposure time at temperature T a ranging from 200 • C to 500 • C. The thermal stability associated with crystallization temperature of the amorphous Fe 75−x Co x Cr 1 B 7 Si 17 (x=1, 4, 7, and 10 at.%) alloys were measured using the differential scanning calorimetry (DSC) at heating rates of 5 and 10 • C/min. under an argon atmosphere.
The dependence between electrical resistivity, temperature and cobalt content, was measured using samples of amorphous Fe 75−x Co x Cr 1 B 7 Si 17 alloys. Electrical resistivity versus temperature was measured between -160 and 750 • C using constant heating rates as above mentioned. Therefore, four-probe electrical resistivity measurement was conducted in an argon-atmosphere tube furnace with temperature fluctuation less than 2 • C for the range from 0 to 750 • C. To determine the resistivity values at low temperatures from -160 to 0 • C, the samples were immersed in liquid nitrogen. During the measurement a platinum thermocouple with the measuring range spanning values from -250 to 850 • C was used. A Wheatstone bridge was used to determine samples resistivity values which were recorded at 10 • C interval.
Results and discussion
The amorphous nature of the samples was confirmed metallographic and by X-ray diffraction studies using Cu-Kα radiation. The diffraction pattern of studied ribbon samples is characterized by the typical halo indicating that the as-cast samples are in the amorphous state [11, 14] , Fig. 1 . Many amorphous alloys exhibit a high thermal stability. Therefore, samples of each alloy belong to amorphous Fe-Co-Cr-B-Si system were submitted to heat treatments. Subsequent heat treatments at 200, 250, 300, 350, 400, 450, 500 • C; with exposure time of 30 minutes, in a neutral furnace atmosphere (Ar) were applied.
The heat treated samples were again subject to diffraction analysis and Mössbauer spectroscopy. The Mössbauer spectrum for the amorphous Fe 71 Co 4 Cr 1 B 7 Si 17 alloy at room temperature, after heating at 250 • C and 420 • C for 30 minutes, is shown in Fig.  3 . A well defined sextet shows that the local environment of the Fe is ordered by the annealing process [15] [16] [17] . The diffraction analysis diagrams of the annealed samples below to 450 • C (Fig. 4a ), show that they exhibit the same broad symmetric halo, as in quenched state, which is typical for a fully amorphous phase, indicating that the material remained in amorphous state after heat treatment and demonstrating in the same time that Fe-Co-Cr-B-Si system exhibits a high thermal stability [11] . In the case of the sample annealed at 450 • C (Fig. 4b ) the structure is still predominantly amorphous (see also Fig. 3b ), but shows evidence of crystalline precursors [18] . It could be noted that the heat treatment of amorphous alloy Fe 71 Co 4 Cr 1 B 7 Si 17 at 500 • C for 30 minutes certainly result in some new chemical compounds [16] .
The investigation carried out by Quivy et al [19] with respect to crystallization of the amorphous alloys Fe-B-Si-C indicates that this takes place in two stages.
According to [19] after annealing for 30 minutes at 450 • C the first crystallization stage is completed. This stage corresponds to the appearance in the amorphous matrix of some Fe dendrites with low Si content, less than 1%. The second stage consists in the crystallization of the residual amorphous matrix enriched in B, Si, C which, subsequently becomes non-homogenous.
In the case of Fe-Co-Cr-B-Si samples, the phases of Fe(Si), Fe 2 B and Fe 3 B appear simultaneously between the Fe α dendrites in the form of stratified crystals [14] .
The composition of our alloys is not identical; however the transformation temperatures are very similar. The microstructure and Roentgen analyses reveal crystals of some compounds only after annealing at 500 • C for 30 minutes. Applying annealing at lower temperatures, even at longer times of exposure (60 or 90 minutes) does not modify the structure (Fig. 3a and Fig. 4a ).
In agreement with the X-ray findings, thin sheet of annealed specimens at 500 • C were found to contain FeB crystals in the amorphous matrix (Fig. 4b ). DSC curve two exothermic peaks have been detected, the first one being the most intense [20] . Table 1 shows the value of critical temperatures for all amorphous Fe 75−x Co x Cr 1 B 7 Si 17 alloys (x=1, 4, 7, and 10 at.%): The curve obtained by differential scanning calorimetry, for a heating rate of 5 • C/min for amorphous Fe 71 Co 4 Cr 1 B 7 Si 17 alloy (Fig. 6) shows two peaks at about 428 • C and 535 • C which are the indication of some exothermic transformation [14] . For faster annealing conditions (heating rate at 10 • C/min) only one peak was detected on the DSC curves, suggesting that the lower heating rate offers a more precise possibility to determine transformation temperatures [20, 21] . It was shown that the peak temperature increases as the heating rate increases, suggesting a dependence on the heating rate of the sample [22] . Thus a measure of thermal stability of an amorphous alloy is given by the crystallization temperature, T x .
Heat treated samples of all amorphous Fe 75−x Co x Cr 1 B 7 Si 17 alloys (x=1, 4, 7, and 10 at.%) have been analyzed to point out the influence of the heat treatments on the electrical, magnetic and structural properties of above mentioned alloys. It is well known that Fe-Co based metallic glasses exhibit excellent electrical and magnetic properties. Fig. 7 shows the variation of the electrical resistivity versus temperature for the as quenched amorphous Fe 71 Co x Cr 1 B 7 Si 17 alloy.
The electrical resistivity of the amorphous Fe 75−x Co x Cr 1 B 7 Si 17 alloys, (where x=1, 4, 7, and 10 at.%) is much higher than that of crystalline materials and it is in the same range as for the familiar nichrome alloys widely used as resistance elements in electric circuits. Another interesting characteristic of the electrical resistivity of the amorphous alloys used in this experiment is that it does not vary very much with temperature. The electrical resistivity of these alloys has slightly increased with increasing cobalt percentage, Table 2 .
A change in slope of electrical resistivity is observed in Fig. 7 around 250 • C. The electrical resistivity changes are probably determined by structural relaxation of the as -cast amorphous phase, which involves the annihilation of free volumes and the development of the short -range ordering of the amorphous structure [12] .
However, a considerable drop of electrical resistivity is obvious at temperatures above 400 • C, Fig. 7 . This drop is due to the process of crystallization. In fact, this resistivity drop emphasizes a critical point of each measured alloy. The first obvious drop of electrical resistivity, which appears at temperature up to 425 • C, corresponds to first crystallization stage on the DSC curve. The second drop corresponds to the second crystallization threshold at temperature of 525 • C on the DSC curve. The experimental results suggest that the anomaly of the electrical resistivity is due to the amorphous state, more exactly due to crystallization of the residual amorphous matrix, which lead to formation of boride phases. Tacking into account the derivative curve of electrical resistivity versus temperature one can conclude that it matches very well with the DSC curve.
Due to their insensitivity to temperature variations for temperatures up to 400 • C, these metallic glasses are suitable for applications in electronic circuits for which resistivity is an essential requirement [14, 23] .
The electrical resistivity variation with annealing exposure time was also analyzed. In the case of the amorphous Fe 68 Co 7 Cr 1 B 7 Si 17 alloy (C3) annealed at 500 • C for different holding times, 30, 60 and 90 min, respectively, one can see in Fig.8 that the electrical resistivity decreases with the increase of the exposure time. This is because starting with 450 • C the structure of annealed samples contains evidence of crystalline precursors. The relative amount of crystalline phase Fe-Si is increased with an increase in temperature. At 500 • C more crystalline phases, are formed with different iron configurations along with previous phases and relative amount of amorphous phase is further reduced. The crystalline phases are FeSi and FeB with different numbers of iron atoms. The annealed samples were also investigated by Vickers microhardness test. The microhardness variation with the heating temperature of the heat-treated samples is given in Table 3 . The properties of Fe 68 Co 7 Cr 1 B 7 Si 17 alloy (C3) were significantly affected by structural relaxation, which is induced by annealing treatments conducted below transition temperature (Tg), at 200 • , 250 • , 300 • , 350 • , and 400 • C. The structural relaxation induces a decrease of the loss factor since it produces a decrease of the defect concentration and then an increase of the local order. This reversible change could be due to short range chemical or topological ordering. The microhardness value corresponding to the relaxed state exhibits a slight decrease [24, 25] , probably due to the change of local atomic and chemical configurations and due to the disappearance of FeSi nanocrystals in the temperature range [24] . The results indicate that the hardness increases at 450 • and 500 • C (partially crystallized samples) possibly due to the decrease of the free-volume and due to nucleation of Fe 3 Si and α-Fe (Si) phases in amorphous matrix [19, 26, 27] .
The influence of the holding time on the microhardness variation was also studied [15, 16] . Therefore, exposure times of 30, 60 and 90 minutes were applied in the case of the heat treatments at 300 • C and 450 • C. The microhardness variation with the exposure time of the applied heat treatments is shown in Table 4 . The microstructural and Roentgen analyses reveal that applying annealing at lower temperatures (i.e 300 • C), even at longer times of exposure (60 or 90 minutes), does not modify significantly the initial structure. In Table 4 one can see that, irrespective of holding time, the microhardness increases with the increase of annealing temperature. This increase of microhardness of samples heat treated at 450 • C can be attributed to the hard precipitates embedded in the amorphous matrix. However, the hardness at 450 • C for 90 minutes holding time is smaller than the hardness at 300 • C for 60 minutes holding time, probably due to appearance of more crystalline phases and decrease amount of amorphous phase [19, 25] . Fig. 9 shows microhardness variation with Co contain of the amorphous Fe 75−x Co x Cr 1 B 7 Si 17 alloys in as-cast state. One can see that for low Co percentage the microhardness first increased suddenly and then for Co percentage over 4 at.% it continued to increase very slightly. The changes in X-ray diffraction patterns and electric resistivity are a manifestation of the structural relaxation of the amorphous matrix when the amorphous Fe 75−x Co x Cr 1 B 7 Si 17 alloys were isothermal annealed below the glass transformation temperature (T<Tg). During isothermal annealing (T) below Tg (glass transition temperature), the glass tried to reach the ideal glassy state characteristic of the annealing temperature.
Conclusions
The amorphous nature of the samples was confirmed metallographic and by X-ray diffraction studies using Cu-Kα radiation. X-rays diffraction analysis showed that the alloy is in an amorphous state.
The electrical resistivity of amorphous Fe 75−x Co x Cr 1 B 7 Si 17 alloys (x=1, 4, 7, and 10 at.%), has slightly increased with increasing cobalt percentage.
Heat treated samples of all above mentioned amorphous alloys have been analyzed to point out the influence of heat treatments upon their electrical and structural properties.
A considerable drop of electrical resistivity is obvious at temperatures above 400 • C. This drop is due to the process of crystallization. In fact, this resistivity drop emphasizes a critical point of each measured alloy. These critical points that could be also detected on the differential thermal analysis curves mutually coincide.
The diffraction analysis diagrams of the samples which were annealed below 450 • C are identical and reveal only a structure typically to the amorphous state. In the case of the sample annealed at 450 • C the structure is still predominantly amorphous, but shows evidence of crystalline precursors.
The microstructural and Roentgen analyses reveal crystals of some compounds after annealing at 500 • C for 30 minutes. Applying annealing at lower temperatures, even at longer times of exposure (60 or 90 minutes) does not modify the structure. The number and size of FeB crystals increases with annealing time.
